ABSTRACT We introduce a novel method for quantifying the response of tephritid fruit ßies to chemical attractants (lures) under seminatural conditions by using automated detection and quantiÞcation via computer vision and an interruptible lure apparatus. We use this method to obtain a high-resolution (0.1 Hz) dataset representing the response of colony-reared melon ßies, Bactrocera cucurbitae Coquillett, to cuelure [1-(p-acetoxyphenyl)-butan-3-one] at three different times of the day: morning (0900 Ð1000 hours), mid (1200 Ð1300 hours), and afternoon (1500 Ð1600 hours), or all three times combined. Results consistently show a high and sustained response to cuelure in the morning period, a high but quickly decreasing response during the middle of the day and a low response in the afternoon. We propose possible reasons for the difference in response between the morning and middle of the day periods that could be investigated in future studies. The approach used here also can be used to study other important questions on the biology of tephritid fruit ßies and other insects of similar size, particularly those involving their response to chemical lures.
Volatile chemical compounds that are attractive to tephritid fruit ßies (lures) are useful research tools, widely used for monitoring and control of these pests in urban and agricultural settings (Chambers 1977 , Sivinski and Calkins 1986 , Jang and Light 1996 . In the genus Bactrocera, which includes several species of economic concern, there is general agreement that some species are attracted to methyl eugenol (3, 4-dimethoxyallylbenzene), whereas others respond more strongly to raspberry ketone and its related synthetic chemical cuelure [1-(p-acetoxyphenyl)-butan-3-one] (Drew 1974 , Shelly 2010 . Despite the importance of these compounds to research, surveillance, and control, many details of the functional and evolutionary basis of attraction remain poorly understood, and the proximate and ultimate drivers of attraction to these two types of compounds are unresolved (Cunningham 1989 , Raghu 2004 .
High-resolution analyses of the temporal patterns of fruit ßy behavioral responses to lures under natural or seminatural conditions might provide important clues to the origin and mechanisms of their attraction. One particular area that might beneÞt from additional high-resolution data is the timing of attraction to lures.
Our current understanding of the diurnal rhythmicity of attraction to lures from Þeld and laboratory studies mostly results from examining trap catches in aggregate for particular periods of the day in the case of Þeld studies, or from more artiÞcial tests in olfactometers for laboratory work (Chambers 1977 , Smith 1989 . For B. cucurbitae, a Þeld study shows the highest number of males caught in the morning (Nakamori and Soemori 1985) .
Early explanations for the cause of attraction to lures in general focused on evolutionary causes (e.g., Metcalf 1979 , Metcalf et al. 1983 , with the lures acting as kairomones. Under the "ancestral host" hypothesis then proposed, attraction to the lure arises from the saprophagic habits of the ancestors of extant Bactrocera, and so might be tied to feeding. For Bactrocera cucurbitae Coquillett, this might imply that the morning time, a period of higher feeding activity (Suzuki and Koyama 1980, Smith 1989) , would also be the time of highest attraction to lures. This attraction might be reduced in the afternoon and evening, which is dedicated to mating behavior in this species (Suzuki and Koyama 1980 , Kuba et al. 1984 , Iwahashi and Majima 1986 , Kuba and Sokei 1988 .
More recently several researchers have proposed that male Bactrocera respond to the chemicals in some lures to because they are used by these males as attractants for females as pheromone precursors (Fitt 1981 , Shelly and Dewire 1994 , Nishida et al. 1997 , Shelly 2000 . In the case of cuelure, studies suggest that it is not a precursor, but rather is directly accumulated in the rectal gland of males (Nishida et al. 1990 (Nishida et al. , 1993 , with some Þeld and laboratory evidence that exposure to the lure made males more attractive to females in the short term (Shelly and Villalobos 1995) . Again focusing on the subject of this study, B. cucurbitae, a pattern of lower attraction to lures in the afternoon might be expected because male lure seeking might be inhibited by mate seeking, a result consistent with the pheromone hypothesis.
We have examined the response of B. cucurbitae to cuelure at different times of day by exposing a known number of ßies to the lure for a discrete period(s) of each day under seminatural conditions. The number of ßies landing on screens around the lure was estimated using an unsupervised computer vision method combined with a statistical framework for extracting the response of ßies to the lure at varying times of day at a high resolution (0.1 Hz).
Materials and Methods
Experimental Setup and Image Capture. We used two large screened enclosures (3 m in width by 3 m in length by 2.4 m in height) located outdoors at the Waiakea Experimental Field Station near Hilo, HI for all experiments (19Њ 38Ј34.30Љ N, 155Њ 4Ј48.13Љ W) (Siderhurst and Jang 2010) . In the center of each enclosure we placed an interruptible lure in a 3.8-liter plastic bucket with two screen windows of 9 cm in height by 10 cm in width (Fig. 1A) . The interruptible lure consisted of a 125-ml glass bottle with ground glass stopper (Corning Pyrex 1500 Ð125; Corning Inc., Corning, NY) containing a single gel plug of cuelure (Scentry Biologicals Inc., Billings, MT) that had been quartered (Fig. 1B) . The stopper could be opened from outside the enclosure by means of a string fed through a small hole in the top of the bucket. For each replicate, one of the two enclosures randomly was designated as the "experimental" enclosure, and the other the "control." The lure in the control enclosure was never exposed while there were ßies present. Its purpose was to provide an estimate of the baseline activity of the ßies throughout the day to allow interpretation of the response to exposing the lure in the experimental enclosure.
About 2 hr before the start of each experiment, we exposed both lures to the air for Ϸ15 min by exposing the glass bottles by using the string. Experiments were started at 0800 hours by releasing 200 male and 100 female B. cucurbitae from our laboratory colony in Hilo, HI into each of the two enclosures. These insects had been knocked down in a cold room at 5ЊC for counting the day before the experiment, then allowed to rest outdoors overnight with access to agar (9 g/liter) for hydration.
We generated 640-by 480-pixel digital images of the screens on each side of the bucket by using Cisco WVC 80N IP cameras (Cisco Corp., San Jose, CA) from the start of the experiments at 0800 hours until 1700 hours. These images were of sufÞcient quality to distinguish ovipositors on female ßies that had landed on the screens. The cameras signals were routed over a network using TCP/IP protocol. Framing the images before the experiment started was possible by connecting to the cameras with a notebook computer to view the image before data gathering began. After the start of the experiment images were copied via the network from each camera in sequence every 10 s and stored to disk by using a program written in the Python (van Rossum 1995) programming language running on a small ARM-based computer and stored on a 16-GB USB ßash drive.
Cuelure Exposure Profiles
Experiment 1. For the Þrst experiment, we opened the bottle containing cuelure in the experimental enclosure only one time per day for 1 hr. The time of day for exposure was 0900 Ð1000 hours (morning), 1200 Ð 1300 hours ("mid"), or 1500 Ð1600 hours (afternoon). Each treatment was replicated four times in a randomized order between September of 2011 and March of 2012.
Experiment 2. For the second experiment, we exposed the lure in the experimental enclosure at all three times of the day mentioned above. Replicates of this experiment were conducted during the same period as those for experiment 1.
Cuelure Emissions Over Time. To obtain an estimate of the relative measurement of the amount of cuelure available for release from the bottle at different times of day, we used a Solid-Phase microextraction (SPME; Pawliszyn et al. 1997 ) polydimethylsiloxane Þber (Supelco, Bellefonte, PA; Sigma-Aldrich, St. Louis, MO) exposed for 2 min from the base of the neck into the head space of the bottle containing cuelure at the start and end of each of the three exposure times used for experiments 1 and 2. Thus, the Þber was exposed immediately after the bottle was opened at 0900, 1200, and 1500 hours, and after the bottle had been open for an hour at 1000, 1300, and 1600 hours. Weather data were collected for these 3 d every 10 min from a station Ͻ500 m away from our experiment.
The relative amount of cuelure in the head space was estimated by the area under the curve measurement by using Gas-Chromatography-Mass Spectrometry (6890N Gas Chromatograph [Agilent Technologies Inc., Santa Clara, CA] with 5973 Mass Selective Detector [HewlettÐPackard Corp., Santa Clara, CA] at around 14.8 min). We ran 2-min exposures at each of those six times on 3 d in March and April of 2012.
Image Processing, Quantification, and Analysis. We used the bsubtract module from gtrack (Borg Lab, http://borg.cc.gatech.edu; see also http://www.biotracking.org) to conduct background subtraction of the images obtained from a single camera. We averaged over 50 previous images with linear weighting. The outcome of this process was a set of still images that were black save for the moving partsÑthe ßies. We then used ImageJ (Abràmoff et al. 2004 ) with a custom macro to segment the image and quantify the number of ßies automatically. Details on the software and procedures used for generating data are available at http://unitsci.dyndns.org:8080/vis/IL_vid/ index.html.
The process of quantifying and analyzing the response of the ßies to the lure can be thought of as a multistage Þltration from a very large set of pixels to a Þnal set of numerical data that can be analyzed with statistical methods. We began with Ϸ5.90 by 10 9 pixels of image data from all experiments (each image 640 by 480). These were processed through the automated detection and quantiÞcation pipeline described above, resulting in Ϸ1.92 by 10 5 data points representing the computer-detected (estimated) number of ßies every 10 s of Ϸ512 h of experiments.
The estimated number of ßies for each experiment was Þltered further to yield a measure of the "response" of the insects to the lure. For each replicate, we followed the procedure demonstrated in Fig. 2 . The top panel shows the 2-min running average of the estimated number of ßies on both screens of the experimental enclosure. The lure is exposed for the time indicated by the red horizontal line on the abscissa of that panel. The middle panel shows the 2-min running average of the number of ßies on the screens of the control enclosure, where the bottle containing lure was not exposed. We Þt a local regression (LOESS in the R statistical language; R Core Team 2012) to these data to obtain the baseline of activity of the ßies in the control enclosure throughout the day. This is subtracted from the estimated number in the experimental enclosure to obtain the response of the experimental ßies to lure exposure, shown in the bottom panel.
For statistical testing of the response caused by exposing the lure further, we applied techniques from statistical Quality Control, particularly for edge detection (Grant and Leavenworth 2004) . We estimated the Upper Control Interval (UCI) by using the qcc package for R (Scrucca 2004) for the computer-detected number of ßies for each experimental date. Then we counted the number of observations during the lure "exposure" period that fell above this interval. In this way, we could obtain a measure of the number of times the response by the ßies was above the expected level for each experimental treatment. This approach is similar to setting an upper limit based on two or three standard deviations from the expected mean, but the UCI is more conservative in practice. The number of observations above the UCI for each experimental replicate was the Þnal reduction of the original image dataset before statistical testing, consisting of 16 numbers produced from the original pixel data.
We also sampled every 50th image from each of the four cameras (an image every 8 min, 20 s) on each experimental date to validate the computer-detected and quantiÞed ßies in the image against the true number as determined by a human observer. The total number of images validated for all trials was 3,855.
Results

Validation.
The system was very effective at detecting if ßies were present or absent at all, with a correct call on presence Ϸ92% of the time, a very low false positive (3%) and false negative (5%) rates (Table 1) . Table 1 also indicates that the automatic system was slightly more prone to generate a false negative rather than a false positive.
The system varied between Ϸ75 and 95% accurate in determining the actual number of ßies on the screen, as shown in Table 2 , with an average overall correct-call percentage of 86.1%. The cases with lower accuracy are those where the average number of ßies over all images was higher, indicating the automatic system was less accurate in quantiÞcation as the number of visible ßies increased.
For the validation images that were captured while the lure was exposed during all replicates (n ϭ 226), we also checked the sex of the ßies on the screens. We found that Ͻ9% of these ßies were identiÞable as female. Experiment 1. We found large and consistent increases in the number of melon ßies attracted to the screens compared with the control enclosure when the bottle containing cuelure was exposed in the morning and midday periods, but a much smaller response in the afternoon (Fig. 3) .
For all three times of day tested, the ßies responded most strongly to the cuelure when the bottle Þrst was opened. However, in the morning there were repeated episodes of increasing response to the lure over the course of the hour when it was exposed, whereas in the midday there was consistently a strong initial response and then a general drop off in the number of ßies coming to or staying on the screens.
For each replicate, we compared the number of observations made during the lure exposure hour (360 observations) that were above the UCI of an expected response of 0 (see Materials and Methods). For morning, the mean (SD) was 74.8 (23.3), mid was 54.5 (43.0), and afternoon was 5.75 (6.13). The morning and mid treatments were signiÞcantly different from afternoon by Wilcoxon rank sum test (W Ϸ 0, P Ͻ 0.03 in both cases), but were not signiÞcantly different from each other (W ϭ 4, P ϭ 0.3429).
Experiment 2. We observed a very similar pattern in the response of the melon ßies to cuelure when we exposed the experimental group to the lure all three times; the mean response from the four replicates is shown in Fig. 4 .
Cuelure Emitted Over Time. Air temperature and the experimental replicate both had a signiÞcant effect of the amount of cuelure in the headspace of the bottle, although whether the bottle had just been opened or had been opened for 1 hr ("time open") did not (analysis of covariance: temperature F (1,13) ϭ 7.88, P ϭ 0.015; replicate number F (2,13) ϭ 12.70, P Ͻ 0.001; time open F (1,13) ϭ 1.01, P ϭ 0.33). The columns represent the number in the estimated (predicted) class, whereas the rows are the number of observations in the actual class. In this case, "class" refers to images with no ßies ("0") and images with ßies present ("Ͼ0"). Cells contain the number of observations and in brackets the proportion of all the images used for validation. Column and row sums also are presented for ease of comparison. Each experimental day Ϸ250 images (N: every 50th image from each of the four cameras) were selected for ßies to be counted by humans. The mean number counted by the human is per date is given in the column labeled human, with SD in brackets. These can be compared with the mean number (SD) counted by the computer (column labeled machine) for the same images. The proportion that matched exactly are given in the Þnal column (prop correct).
Discussion
We have presented results of two experiments, measuring at high resolution the rhythmicity in the diurnal response of B. cucurbitae to cuelure, using computer vision in a seminatural setting. We found that the response of the ßies, as measured by the number of individuals attracted to and staying on the screens, was longer lasting in the morning than in the middle of the day. In the afternoon the response was weak, with the number of ßies detected only rarely rising above the background level. These patterns were consistent whether the ßies were exposed once or multiple times during the day.
These data add to what is known about the diurnal pattern of tephritid attraction to male pheromone lures. Cunningham (1989) mentions unpublished results with B. dorsalis, B.cucurbitae, and C. capitata in Hawaii that showed peak attraction in the late morning or midday periods. Brieze-Stegeman et al. (1978) conducted a Þeld study checking catches of Dacus cacuminatus (Hering) on traps baited with methyl eugenol and Bactrocera tryoni (Froggatt) on traps with cuelure every hour and reported a morning or midday peak in the number of ßies caught, depending on the time of year, for both lures. Working with Bactrocera opiliae (Drew & Hardy) males, Fitt (1981) reported that response to methyl eugenol was inversely proportional to mating behavior, suggesting a matinal pattern of attraction to the pheromone lure. Nakamori and Soemori (1985) conducted the only published study to our knowledge that directly addressed daily rhythmicity of attraction of B. cucurbitae to cuelure. In their open Þeld study, Nakamori and Soemori found that the highest number of male melon ßies during trap checks every 2 hr was at 0700 to 0900 hours, with numbers dropping off steeply at other times.
In our experiments, we found the number of ßies attracted was not necessarily higher in the morning versus the middle of the day, but there were high numbers of ßies attracted to the lure for a longer period in the morning. In the midday there was a sharp response, then a quick drop off in the number of ßies at the screens of the bucket containing the exposed lure. This difference in the pattern of response was consistent and unexpected; we can suggest some ideas on its cause and reject some possibilities not supported by the data.
One explanation for the response in the midday is that a large amount of lure issues from the bottle only upon opening, and that amounts drop off as time goes on. The results of our measurements with the SPME Þbers reject this possibility for any time of dayÑthe amount of cuelure in the air within the bottle seems to reach equilibrium very quickly, with the amount affected more by the temperature of the environment than anything else we measured. The difference between trial numbers is probably caused by differences between the gel plugs used. These results, taken together with the fact that an initial strong reaction by the ßies with subsequent drop off before closing was only seen in the middle of the day exposure, not in the morning also despite similar temperatures, indicate that it is more likely that the difference in response is caused by some aspect of the biology B. cucurbitae.
We donÕt know from the current experiments whether the sustained higher number of ßies at the lure in the morning results from the same individuals persisting for longer on the screen or if the results are a product of the lure attracting a larger fraction of the males in the cage. Both explanations are possible and nonexclusive, but they carry different implications for our understanding of why attraction drops off later in the day. A shorter duration of attraction for any given male to cuelure might indicate that there is some saturation effect, and that this is more pronounced later in the day. If this is the case, it also suggests a mechanism by which B. cucurbitae can attenuate its response to cuelure by time of dayÑ by decreasing its clearance rate and thus reaching saturation and insensitivity to the lure earlier. Alternatively, if a smaller fraction of the males are attracted to the lure later in the day, then this would indicate that attraction is binary for each individual.
Most broadly, our results conÞrm for B. cucurbitae and cuelure the previous observation that the daily cycle of attraction of several tropical species male tephritid ßies to para-pheromone lures seems to be the inverse of the cycle of mating behavior (Fitt 1981 , Smith 1989 . From this, the kairomone hypothesis for the origin of attraction to these lures is not supported by these results. However, a role in mating is not excluded. As cuelure and its natural product precursor is thought not to be metabolized, instead being used directly for a short term (1 d) boost in mating attractiveness (Shelly 2010) , then males might optimally only be "interested" in ingesting it during the window of time that allows for it to reach the rectal gland at the time of mating that same evening.
The computer vision method we used was very good at detection (distinguishing zero ßies from one or more ßies), a relatively simple task compared with those performed by more sophisticated systems like ctrax (Branson et al. 2009 ). Our systemÕs accuracy when quantifying the number of ßies was variable; we found its accuracy decreased as the number of ßies in the image increased. However, for the purposes of our experiment the quantiÞcation accuracy was sufÞcient, as we expect it would be for similar future experiments.
This analysis has beneÞted from the large volume of data produced, far beyond what has previously been possible with human observers. The higher sampling rate now attainable under natural or seminatural conditions holds the potential to lead to new insights into the behavioral response of these and similar insects of economic importance to a variety of attractants.
